The work presented herein sets out to investigate numerically, by means of nonlinear finite element analysis, the effect of un-reinforced concrete or masonry infill walls on the overall structural response of reinforced concrete frames under static monotonic and seismic loading. For this purpose, a nonlinear finite element package purpose built for the analysis of concrete structures is employed in order to predict the nonlinear behaviour of both the infill walls as well as the surrounding frame. Specifically, the dynamic response of a bare two-storey, one-bay frame, whose behaviour has been experimentally established in the past through shake-table testing, is first investigated via nonlinear finite element analysis. Subsequently, concrete and masonry walls are introduced into the selected frame in order to investigate numerically how important aspects of structural response such as stiffness, load-carrying capacity, deformation profile, cracking, ductility and mode of failure of the frame are affected.
INTRODUCTION
When designing reinforced concrete (RC) frames, it is common practice not to include the existing infill walls in the finite element models used for structural analysis, as these elements are considered to be essentially non-load bearing. In doing so, the stiffness and strength contribution of the latter elements as well as their interaction with the members of the RC frame are fully ignored. The effect of the infill walls are usually considered through the application of additional loads and masses appropriately distributed along the interfaces between the surrounding frame and the infill walls. From the available published experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and numerical [3, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] data, it becomes clear that the masonry or concrete infill walls have a significant effect on the structural performance of RC frames. Moreover, from the above data it has been established that the infill walls usually act as diagonal compression 'struts' within the openings of the frame, this resulting in an increase of the overall stiffness and load-carrying capacity of the structure and hence in a reduction of its natural period which affects the distribution and intensity of the inertia loads generated during seismic excitation, as well as the distribution of the internal actions developing within the structural elements. Although, the introduction of infill walls usually results in an overall increase of the load-carrying capacity and stiffness of the infilled frame, it may also cause the development of stress concentrations in certain regions of the structure (e.g. joint area) leading to localized cracking or even unexpected forms of failure, which may have a detrimental effect on the overall response of the RC frame.
*Address correspondence to this author at the Department of Civil & Construction Engineering, School of Pedagogical & Technological Education, Athens, Greece; Tel: 210-8325032; E-mails: dkotsovos76@yahoo.co.uk or dkotsovos76@gmail.com Due to the difficulties and limitations, but, also, the high costs associated with the testing of RC structural forms, resort is frequently made to the use of nonlinear finite element analysis (NLFEA) [3, [22] [23] [24] [25] [26] [27] [28] [29] . The use of the finite element (FE) method can provide a more detailed description of the effect of the infill walls on the response of RC frames while, at the same time, it allows the investigation to be extended to structural forms more complex than the simple RC structural elements that are usually studied experimentally (i.e. scaled models of one or two level infilled RC frames). The present study is based on the use of 3D NLFEA package purpose built for the analysis of concrete structures [31] [32] [33] . The package is employed in order to predict the non-linear behaviour of an infill wall as well as of the surrounding reinforced concrete frame. The validity of the above NLFEA package has been verified by comparing the numerical predictions with published experimental data obtained from tests on a wide range of concrete structural members subjected to various regimes of static and dynamic loading [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] .
The dynamic response of the bare, two-level RC frame investigated under seismic loading was experimentally established in the past through shake-table testing [41] . A comparison between the experimentally established response and the numerical predictions reveal good correlation. The selected frame was designed in accordance with the EC2/EC8 design provisions for low ductility structures. This particular frame was adopted because it resembles existing RC frame multi-story structures designed according to previous codes of practice (based on the permissible stresses approach) which specified less transverse reinforcement than that specified by current codes of practice (EC2/EC8 which adopt the ultimate limit state approach).Such structures were built until the mid 90s and, in order to access their load-carrying capacity and to ensure that they meet the stringent performance requirements of the current design codes, it is often required that the existing masonry infill walls be taken into account in structural analysis. This is achieved by modelling the infill walls in the FE models representing the frame structure and using constitutive models capable of providing a realistic description of the nonlinear behaviour of concrete and masonry.
The work presented herein sets out to investigate numerically the effect of the introduction of concrete or masonry infill walls on the overall structural response of the selected frame under static monotonic and seismic loading. Concrete and masonry infill walls are initially introduced to the lower level of the frame and, subsequently, to the upper level. The resulting composite in-filled frames are then subjected to static monotonic and seismic loading. Attention is primarily focused on investigating how certain important aspects of structural response such as stiffness, load-carrying capacity, deformation profile, cracking, ductility and mode of failure of the frame are affected by the presence of the infill panels. Furthermore, the work studies the effect of the redistribution of the internal actions developing within the structural elements of the frame due to their interaction with the infill panel, as this effect can be potentially detrimental on structural response leading to the development of stress concentrations which, in turn, may result in localised damage or even collapse. It should be noted that the present investigation forms the initial part of a more comprehensive investigation of the effect of concrete and masonry walls on the overall structural response of RC in-filled frames.
EXPERIMENTAL BACKGROUND
Over the last three decades a large number of experimental investigations [1-13, 17, 42] have been carried out in an attempt to investigate the effect of infill walls and panels on the structural response of RC frame structures. During these investigations scaled models of one, two and even three level bare (with no infill walls) or in-filled RC frames were tested. These specimens were subjected to static monotonic or cyclic loading [1, 4, 5, 7, 11] or to seismic excitation through shake table testing [2, 5, 7, [11] [12] [13] .From the resulting experimental information (deformation profile, crack patterns, displacement, acceleration and base shear time history, modes of failure etc)it has been established that the introduction of infill walls into RC frames results -in general-in an overall increase of the load-carrying capacity and stiffness. However, one needs to exercise caution when dealing with fames with irregular shapes or with openings in the infill walls, since a consequence of this may be the development of stress concentrations in certain regions of the structure (e.g. around existing openings of the infill walls, in the joint area, etc) leading to localized cracking or even unexpected modes of brittle failure of the structural elements (beams of columns) of the RC frame.
Reviewing the available published experimental data, which describe the effect of infill walls on the overall structural response of the RC frames, it becomes clear that the obtained results are characterized by significant scatter due to the large number of uncertainties involved in the various investigations, which have been carried out to date. Our framework of thought is delineated by these uncertainties which are associated with: a) the properties of the brittle materials used for the construction of in-filled frames (i.e. concrete and masonry); it is worth noticing that the mechanical characteristics of masonry material depict a large scatter on their values (according to the most complete experimental investigation on the mechanical behaviour of brick masonry, which has been carried out by Page [43] , a large dispersion of mechanical characteristics of brick masonry has be revealed, despite the fact that all the panels have been made by the same bricklayers and under the same environmental conditions); b) the intense anisotropic nature of masonry material; Masonry exhibits distinct directional properties, due to the influence of mortar joints acting as planes of weakness. Depending upon the orientation of the joints to the stress directions, failure can occur in the joints only or simultaneously in the joints and blocks.
c) the conditions at the interfaces between the infill walls and the surrounding frame, d) the structural element geometry and reinforcement details e) the stiffness of the bare RC frame relative to that of the infill wall [44] , f) the size and location of openings within the infill wall; it has been established experimentally that the size and location of gaps or openings within the infill wall can significantly effect the contribution of the latter element to the overall response of the RC frame [17] g) the type of loading applied; the contribution of the infill wall to the lateral stiffness of frame is significantly reduced when the structure is subjected to reversed cyclic action, as is the case for seismic loading , during which the frame structure undergoes a large number of nonlinear cycles. Relevant experimental findings [43] reveal a considerable reduction of the contribution of the infill wall on the response of infilled frames under seismic loading. This is owed to the rapid degradation of the stiffness and strength and low energy dissipation capacity, due to the brittle nature of masonry and the damage (cracking) sustained by the masonry infill walls.
As a result, it becomes evident that, although the available experimental data can provide a qualitative description of the effect of the infill walls, at the same time, it has not -as yet-been possible to quantify this effect by experiment. In view of the above, the existing mathematical (numerical or analytical) models -the formulation and validation of which is based on the available experimental data -cannot be relied upon to obtain a realistic description of the structural response when employed to describe the effect of the infill walls on the overall structural behaviour of the RC frames, the latter being characterised by a high degree of uncertainty.
MODELLING OF BRITTLE MATERIAL BEHAV-IOUR
For the purpose of the numerical investigation, a finiteelement model suitable for both static and dynamic threedimensional (3-D) nonlinear finite element analyses (NLFEA) is employed. It is purpose-built for the analysis of concrete structures and has been found to yield realistic pre-dictions of the behaviour of a wide-range of structural concrete configurations under arbitrary static [32-34, 38, 40] and dynamic [31, [35] [36] [37] [38] actions. In order to describe the nonlinear behaviour of concrete under triaxial loading conditions, the 3-D NLFEA package incorporates a model of concrete behaviour [32, 45] which is characterised by both simplicity (fully brittle, fully defined by a single material parameterthe uniaxial cylinder compressive strength fc) and attention to the actual physical behaviour of concrete in a structure (unavoidable triaxiality which is described on the basis of experimental data of concrete cylinders under definable boundary conditions) [46] [47] [48] [49] . This model is presently extended to describe the nonlinear behaviour of masonry where the brick, mortar and brick-mortar interface are considered as an isotropic homogeneous continuum. Though this approach may be described as a crude attempt to model the nonlinear behaviour of masonry, it serves as a starting point for ongoing research on the numerical investigation of the behaviour of masonry structural forms especially when considering the scatter that characterises the available relative experimental data.
The 3D NLFEA package employs a unique nonlinear solution strategy [32, 33] (shown in Fig. 1 ) which ensures the numerical stability and robustness of the solution process, in spite the fully brittle concrete and masonry material models adopted. The nonlinear analysis currently employed is based on an iterative procedure (modified Newton-Raphson method) fully described elsewhere [32] . This approach is used in order to calculate stresses, strains and residual forces. Once a load increment is imposed, the iterative procedure initiates by first checking every Gauss point in order to determine whether loading or unloading takes place. This is followed by a number of checks to establish whether any cracks close or open, or if any steel members yield or fail. Depending on the results of these checks, changes are introduced to the stress-strain matrices of the individual FEs and to the stiffness matrix of the structure. These modified matrices are then used to calculate deformation, strain and stress corrections. Convergence is accomplished once the above corrections become very small. Crack-formation and crackclosure is checked separately during each load step.
During the crack-closure procedure only Gauss points with cracks formed in previous load steps are checked. For a crack to close, the criterion that must be satisfied is that the strains normal to the plane of the crack are compressive. The program singles out the crack with the largest compressive strain and closes it. Owing to the closure of a crack, changes are made to the element stress-strain matrix and, consequently, to the stiffness matrix of the structure, leading to stresses redistribution. During the crack-closing procedure convergence is not checked, thus the residual stresses and forces are not eliminated during this stage, but are only cal- Fig. (1) . Scheme of the used by the nonlinear FE program [31] . culated and added to those calculated in previous iterations. During each iteration, only the crack with the largest value of compressive strain normal to its plane may close. It has been observed that after the closure of one crack a drastic drop in the number of cracks that need to close next occurs. The crack-closing procedure is repeated until all cracks that fulfill the crack-closure criterion close. When a crack closes, it is assumed that concrete regains its original compressive and shear strengths: however, upon reaching a strain of zero, it has no tensile strength since opening occurs as soon as compression is lost. Upon completion of the crack-closure procedure the crack-opening procedure commences. During each of the iterations that follow, all Gauss points are checked in order to determine if any new cracks form. This is achieved by using the failure criterion shown in Fig. ( 2) [30, 42] , since the opening of a crack corresponds to localized failure of the material. The formation of a crack leads to the modification of the element stress-strain matrix and the stiffness matrix of the structure, thus causing redistribution of the internal stresses. In order to avoid numerical instabilities during the solution of the problem, only a limited number (no more than three) of cracks, the most critical ones, are allowed to form per iteration. The most critical cracks are those which correspond to the Gauss points with the largest values of tensile stress and strain acting normal to the plane of the crack. Usually, after the formation of the most critical cracks, the number of cracks that need to form in the next iteration reduces drastically due to the redistribution of stress. Unlike the crack-closure procedure, convergence of the residual forces is now checked after all cracks have opened. If the maximum value of the residual forces evaluated is greater than a certain predefined value (set at around 5% of the total applied load up to the relevant load step), then these residual forces are re-imposed onto the structure in the form of an external loading.
Crack formation is modelled by using the smeared-crack approach [32] . A crack forms when the stress developing in a given part of the structure corresponds to a point in the Fig. (2) . Failure criterion for concrete [32] .
Fig. (3)
. Crack formation at a particular Gauss point [32] .
principal stress space that lies outside the surface defining the failure criterion for concrete, thus resulting in localised material failure. This failure takes the form of a crack and may occur up to three times at any given point (see Fig. 3 ). The plane of the crack is normal to the direction in which the smallest principal stress acts (smallest compressive or largest tensile stress). Failure is followed by immediate loss of loadcarrying capacity in the direction normal to the plane of the crack while at the same time the shear stiffness is also reduced to a small percentage (5-10%) of its previous value (during the uncracked state). In the case of dynamic problems, the equation of motion -which governs structural response -is solved numerically by employing an implicit Newmark integration scheme [31] .
The concrete medium is modelled by using the 27-node Lagrangian brick elements, whereas the reinforcement bars are modelled by 3-node truss elements. Perfect bond between concrete and steel is assumed. The size of the 27-node Lagrangian brick FEs is dictated by the philosophy upon which the FE model adopted in the present work, which does not employ small FEs [32] . The material model adopted is based on data obtained from experiments in which concrete cylindrical specimens were subjected to various triaxial loading conditions. Consequently these cylinders may be assumed to constitute a 'material unit' for which average material properties are obtained and hence the volume of these specimens provides a guideline to the order-of-magnitude of the size of the FE that should be used for the modelling of concrete structures. This criterion is presently also extended to the 27-node Lagrangian brick elements used to model masonry. Finally, the use of a dense FE mesh with a large number of FEs can create complications in the crack-opening and crack-closure procedure adopted by the present FE model, since the number of potential cracks (which can occur in any direction to the principal axes of the element) that need to form or close during each iteration increases significantly with the increase of the Gauss points used in the FE mesh. This, in turn, increases the danger of numerical instability in the solution process.
PROBLEM DESCRIPTION
The dynamic response of the bare RC frame, which forms the basis of the present study, was originally investigated by experiment under seismic excitation at the National Technical University of Athens [41] . The geometry and reinforcement detailing of the frame are presented in Fig. (4) . The uniaxial cylinder compressive strength of the concrete used was f c = 50 MPa, whereas the yield stress of the reinforcement was f y = 500 MPa. The frame (shown in Fig. 5a ) was loaded with masses of 2x2.87 tons and 2x2.62 tons at the first and second levels, respectively, and subjected to the horizontal motion described by the horizontal displacement and acceleration records shown in Fig. (6) . The experimentally established response is presented in the form of curves describing the time history variation of the displacement (Fig. 7) and acceleration ( Fig. 8 ) of the first and second level of the frame, as well as the time history of the base shear (Fig. 9) . Finally, in Fig. (5b) one can see the cracks which developed during testing mainly within the joint areas, as well as in the upper and lower regions of the columns at the first level.
The structural response of the selected bare (with no infill walls) two-level RC frame is presently studied numerically initially under static monotonic loading and then under seismic base excitation. Subsequently, concrete and masonry infill walls are introduced initially to the lower level of the frame and then into the upper level (see Fig. 10 ). Each frame is initially subjected to a vertical load, uniformly distributed on each beam and equal to the weight of the mass supported by the horizontal members. This is followed by the application of a horizontal load which is either applied as two separate loads P, one at each level, (case studies 1 to 3 in Fig. 10) or as a single load 2P on the lower level (case studies 4 to 6 in Fig. 10 ) of the frame. The horizontal load is gradually imposed in a large number of load increments. Its value increases until the specimen's load carrying capacity is reached and failure occurs. Finally, the behaviour of each specimen is investigated when subjected to a seismic excitation (case studies 7 to 9) identical to that imposed onto the actual specimen during the shake-table tests (see Fig. 6 ). The numerical study of the in-filled frame considered three cases of infill walls: (a) a weak concrete infill wall with a uniaxial cylinder compressive strength of 5 MPa and a modulus of elasticity of 23 GPa, (b) a masonry infill wall with a uniaxial compressive strength of 5MP and module of elasticity E w,c equal to 4.5GPa (approximately 1/5 the modulus of elasticity of the weak concrete) and (c) a masonry infill wall with a uniaxial compressive strength of 5MP and modulus of elasticity E w,c equal to 2.3GPa (approximately 1/10 the modulus of elasticity of the weak concrete).
(a) (b) Fig. (5) . Test specimen (a) prior and (b) after testing.
FE MODELING
The FE models adopted for the 2D bare and in-filled frame are presented in Fig. (10) . Each column and beam of the frame is modelled by a 2 x 6 and a 2 x 7 mesh of 27-node Lagrangian brick elements, respectively, whereas the joints and infill walls are modelled by a 2 x 2 mesh and a 6 x 7 mesh of 27-node Lagrangian brick elements, respectively. The cross-sectional areas of the longitudinal and transverse bars are distributed to the relevant nodes of the RC structural elements so as to be equivalent, in terms of both crosssectional area and location, to the longitudinal and transverse Fig. (6) . Displacement and acceleration records used in the numerical and experimental investigation of the RC frame specimen in Fig. (4) . Fig. (7) . Numerical and experimental displacement response of (a) the first level and (b) the second level of the RC frame under seismic excitation. reinforcement bars of the actual RC structural elements. The mass attached to the frame is modelled as a concentrated mass at the middle node of the elements used to model the beam members of the structure. The symmetry of the column's cross-section allows only half of the cross-section to be considered. Thus, it is possible to use a smaller number of FEs to model the specimen, reducing the size of the numerical problem and minimising the computational effort needed for its solution. Finally, perfect bond between the members of the concrete frame and the infill walls is presently assumed.
NUMERICAL PREDICTIONS
As discussed earlier, the response of the bare (with no infill walls) and the in-filled RC frames are investigated initially under static monotonic loading and subsequently under seismic loading. In the static cases, the numerically predicted response is presented in the form of (a) curves describing the relationship between the applied load and the corresponding displacement of each level (b) deformed shapes and the crack patterns associated with increasing levels of applied load. In the dynamic case studies, the predicted response is Fig. (8) . Numerical and experimental acceleration response of (a) the first level and (b) the second level of the RC frame under seismic excitation. Fig. (9) . Comparison of the experimental established and numerically predicted base of the RC frame under seismic excitation. 
Static Case Studies
The numerical predictions for the case of the bare RC frame subjected to static loading applied monotonically at each level (see case study 1 in Fig. 10 ) is presented in Fig  (11) . From the load-displacement curves describing the relationship between the applied load and displacement of each level shown in Fig. (11a) , it appears that the RC frame exhibits ductile response and has a load carrying capacity equal to 70 KN. From the predicted deformation profile and crack patterns shown in Fig. (11b) , it appears that cracks initially form in the columns of the lower level (where the bending moment and shear force obtain their maximum values) gradually extending into the beam-column joint regions. As the applied load increases, cracking extends to the columns of the second level. Failure occurs at the columns of the first level of the frame after yielding of the longitudinal reinforcement and the formation of plastic hinges which ultimately result in the formation of a mechanism.
The load-displacement curves expressing the relationship between the total applied load and the displacement of each level shown in Fig. (12) describe the predicted response exhibited by the in-filled RC frames of case study 2 (Fig. 10) where the infill panels are introduced into the lower level of the frame. The latter frames are subjected to identical loading conditions identical to those imposed in case study 1. From the load-deflection curves, it appears that, essentially, only the upper level of the RC frame deforms, sincethe deformation predicted for the 1st level of the frame is only but a small fraction of that of the 2 nd levelirrespective of the modulus of elasticity of the infill wall. Nevertheless it should be noted that when comparing the case studies considered in Fig. (12) the smaller the value of the modulus of elasticity of the infill wall (and hence its stiffness) the larger the deflection of the first storey of the frame. This is due to the introduction of the infill wall which essentially acts as a diagonal strut in compression drastically increasing the stiffness and load carrying capacity of the lower level by resistingthe largest portion of the applied load, thus offering relief to the lower level of the frame. As a result, cracking initiates ( Figs  13 to 15) in the lower and upper regions of the columns of the 2nd level of the frame, extending quickly into the beamcolumn joint regions. Failure occurs at the upper level columns after yielding of the longitudinal reinforcement of the columns and the formation of plastic hinges. Prior to failure, little cracking occurs within the columns of the lower level, since as already discussed a significant portion of the horizontal applied load is resisted by the diagonal compressive 'strut' forming within the infill wall. This diagonal 'strut' can be clearly recognised by the inclination of the cracks forming within the masonry infill walls as shown in Figs. (14) and (15) . From the predicted behaviour shown in Figs. (12) to (15),it appears that the overall load-carrying capacity of the in-filled RC frame is hardly affected by the variation of the modulus of elasticity of the infill wall. However, when comparing to the predicted response of the infill frames of Fig. (10) . FE models representing the bare and in-filled frames adopted for the analyses. Case study 4 Case study 5 Case study 6 the present case study (Fig. 12) with the response of the bare frame (of case study 1), it becomes clear that the introduction of the infill wall into the lower level of the RC frame results in a significant increase of load carrying capacity and stiffness and also leads to a different distribution of the internal actions and crack pattern ultimately leading to a completely different type of failure. Fig. (16a) presents the load-displacement curves describing the relationship between the total applied load and the displacement of each level of the RC frame with infill panels being introduced into its upper level (as shown in case study 3 in Fig. 10) . The frames are again subjected to identical loading conditions to those imposed in the previous case studies. From these curves, it can be seen that only the lower level of the RC frame essentially deforms. The upper level of the frame practically responds as a rigid body, since the infill wall drastically increases its stiffness. As a results, cracking initiates in the lower and upper regions of the 1 st level columns (see Fig. 16b) , where the bending moments and shear forces obtain their maximum values, extending quickly into the beam-column joint regions (as in case study 1). Failure is exhibited due to yielding of the longitudinal reinforcement of the columns. Prior to failure, little cracking occurs within the upper level of the frame. The overall response of these frames is practically not affected by the variation of the modulus of elasticity of the infill walls. Finally, by comparing the predicted response of the bare frame of case study 1 with that of the present case, it becomes apparent that the introduction of the infill wall into the upper level of the RC frame results in (a) a small increase of the overall loadcarrying capacity (80kN instead of 70kN) and stiffness, (b) insignificant changes in the distribution of the internal ac- Fig. (11) . Numerical predictions describing the response of the bare RC frame of case study 1. The numerical predictions obtained for the case of the bare RC frame when subjected to static monotonic loading applied only to its lower level (see case study 4 in Fig. 10) is presented in Fig. (17) . From the load-displacement curves describing the relationship between the applied load and the displacement of the lower level shown in Fig. (17a) , it appears that the RC frame exhibits ductile response and a loadcarrying capacity equal to 80 KN. Moreover, from the predicted deformation profile and crack patterns shown in Fig.  (17b) , it can be seen that cracking initially forms in the columns at their lower end, gradually extending into the beamcolumn joint regions. Failure occurs within the columns of the first level of the frame after yielding of the longitudinal reinforcement and the formation of plastic hinges which ultimately result in the formation of a mechanism. Comparing the predictions obtained in the case study 1 with those of the present case study, it becomes clear that the application of the load only to the lower level of the RC frame results in a small increase of load-carrying capacity and stiffness Moreover, the internal actions and crack patterns of the structural elements of the lower level and the mode of failure remain practically unaffected. Fig. (18a) depicts the load-displacement curves describing the relationship between the applied load and the displacement of first level of the RC frame with the infill panels introduced into its lower level (see case study 5 in Fig. 10) . The latter frames are subjected to identical loading conditions to those imposed in case study 4 (bare frame).The deformation of the first level of the frame is small compared with that predicted incase study 4.This is due to the existence of the infill wall which acts as a diagonal strut in compression resisting part of the applied load and offering relief to the lower level of the frame. The formation of the diagonal strut can be recognized by the inclined cracking which forms within the infill walls (see Figs. 18b to 18d) . he 'strut' action along the diagonal of the infill wall drastically increases the stiffness at the lower level and the overall load-carrying of the structure. Since the applied load is mainly resisted by the infill wall, the load-carrying capacity and stiffness of the in-filled frame depends on the axial stiffness and strength of Fig. (12) . Load -deflection curves predicted numerically describing the response of the in-filled RC frame of case study 2 when introducing infill walls into the lower level of the frame. the diagonal strut. From the crack patterns, it may be recognised that failure occurs once the strength of the diagonal strut is reached. Failure of the inclined strut results in an abrupt redistribution of internal actions and sudden transfer of load to the structural elements of the RC frame which apparently exceed their load-carrying capacity by a large margin.
Finally, the load-displacement curves describing the relationship between the applied load and the displacement of 1 st level shown in Fig. (19a) describe the behaviour of the RC frame with infill walls being introduced into the upper level (see case study 6 in Fig. 10) . The response in this case is similar to the response exhibited in case study 3, where cracking initiated in the lower and upper ends of the 1 st level columns (Fig. 19b) , where the bending moments and shear forces obtain their maximum values, and extended quickly into the beam-column joint regions. Failure occurs due to yielding of the longitudinal of the columns. The overall response of these frames is practically not affected by the variation of the modulus of elasticity of the infill walls. Finally, comparing the predictions associated with case study 3 with those of the present case study, it shows that the introduction of the infill wall into the upper level of the RC frame results in a rather small increase of overall load carrying capacity and stiffness, and no significant changes in the distribution of the internal actions and crack patterns of the structural elements of the lower level or the mode of failure. Fig. (13) . Numerically predicted deformed shape and crack patterns with increasing levels of loading of case study 2 when introducing concrete infill walls with f c =5MPa and E c =23GPa into the lower level of the frame. Fig. (14) . Numerically predicted deformed shape and crack patterns with increasing levels of loading of case study 2 when introducing masonry infill walls with f c =5MPa and E c =4.5GPa into the lower level of the frame. Fig. (15) . Numerically predicted deformed shape and crack patterns with increasing levels of loading of case study 2 when introducing masonry infill walls with f c =5MPa and E c =2.3GPa into the lower level of the frame. 
Dynamic Case Studies
The numerical predictions obtained for the case of the bare RC frame under seismic loading (case study 7) is presented in Figs. (7-9) . Figs. (7) and (8) show the numerically and experimentally established curves describing the time history variation of the displacement and acceleration of the first and second levels of the frame, whereas Fig. (9) presents the numerical and experimentally established curves describing the time history variation of the base shear of the RC frame. Finally, Fig. (20) shows the predicted deformed shapes and the crack patterns at various stages of the loading process. The comparison between the experimentally established response and the numerical predictions for the present case study reveals a good correlation. Moreover, the RC frame appears capable of sustaining the applied load in spite of the cracking suffered by the columns and the joint regions.
The predicted response of the RC frame after introducing the infill wall to the lower level of the frame (case study 8) is presented in Figs (21) to (23) . Fig. (21) shows the numeri cally predicted time-history variation of the displacement of the first and second levels of the frame, whereas Fig. (22) presents the time-history variation of its base shear; in both cases, the corresponding variations for the case of the bare frame are included for purposes of comparison. From these figures, only the upper level of the RC frame deforms, since the deformation predicted for the first level of the frame is only but a small fraction of that of the 2 nd level irrespective of the modulus of elasticity of the infill wall. The infill wall introduced into the lower level of the frame acts as a diagonal strut and resists a significant portion of the applied load thus offering relief to the structural elements of the frame. This results in a drastic increase in the stiffness and loadcarrying capacity of the lower level. As a result, the in-filled frame can be essentially described as a one-degree-offreedom (1-DOF) system, instead of the two-degree-offreedom (2-DOF) system describing the response of the bare frame, since the introduction of the infill plane essentially cancels the degree of freedom associated with the displacement of the lower level of the frame. From the base shear variation in Fig. (22) , it appears that during the loading process the maximum calculated values of the base shear generated is nearly double the base shear calculated in the case of the bare frame (case study 7). Nevertheless, due to the increase of load carrying capacity and the relief offered by the compressed zone (strut) forming along diagonal of infill panel, these increased values of base shear are not sufficiently large in this case to cause failure of the frame. From the deformation profiles and crack patterns shown in Fig.  (23) , cracking appears to initiate in the lower and upper end regions of the columns of the upper level of the frame, extending quickly into the beam-column joint regions. The predicted dynamic response of the RC frame with the infill wall being introduced into its upper level (case study 9) is presented in Figs (24) to (26) . Fig. (24) shows the numerically predicted time history variation of the displacement of the first and second levels of the bare and in-filled frame, whereas Fig. (25) presents the time history variation Fig. (19) . Numerical predictions describing the response of the infilled RC frames of case study 6 when introducing infill walls with different module of elasticity into the upper level of the frame. of their base shear. Under seismic excitation essentially only the lower level of the RC frame deforms, since the upper level of the frame remains practically un-deformed due to the presence of the infill wall .As a result, the in-filled frame can be essentially described by a one-degree-of-freedom (1-DOF) system, instead of the two-degree-of-freedom (2-DOF) system describing the response of the bare frame, since the introduction of the infill plane essentially cancels the degree of freedom associated with the deformation of the upper level of the frame. From the base shear variation shown in Fig. (25) , it appears that during the loading process the maximum calculated values of the base shear generated is significantly higher than that calculated in the case of the bare frame (case study 7). These higher values of base shear cause extensive cracking of the columns at the lower level of the infill frame. As indicated in Fig. (26) , cracking initiates in the lower and upper end regions of the 1 st level columns (where the bending moments obtain their maximum values) extending quickly into the beam-column joint regions (as for case study 1). Failure occurred due to yielding of the longitudinal reinforcement of the columns; prior to this, little cracking occurred within the upper level of the frame. Fig. (22) . Comparison between numerically predicted curves describing the time history variation of the base shear of the bare and in-filled frame. Fig. (23) . Predicted deformed shapes and the crack patterns of the in-filled frame at t=3.9sec of the loading process. Fig. (24) . Comparison between numerically predicted curves describing the time history variation of the displacement of the first and second level of the bare and in-filled frame Fig. (25) . Comparison between numerically predicted curves describing the time history variation of the base shear of the bare and infilled frame. 
CONCLUDING REMARKS AND FUTURE WORK
The nonlinear procedure incorporated into the proposed FE model has been found to be reliable and numerically stable in spite of the brittle characteristics of the material models adopted in order to describe the behaviour of concrete and masonry; thus our nonlinear procedure could provide accurate predictions for the response of infilled frames. Additional work -which is currently ongoing -is required in order to fully calibrate the masonry material model.
The predictions obtained from the static case studies (case studies 1 to 6) clearly show that infill walls act as diagonal compression 'struts', which undertakes portion of the applied load thus offering relief to certain structural elements of the frame. This action results in a significant redistribution of the internal actions developing within the structural elements of the frame by essentially redirecting the loads into other regions of the structure. Although this redistribution of internal actions can result, on the one hand ,in an increase of the overall stiffness and load carrying capacity of the frame, on the other hand, it may cause stress concentrations in other regions of the structure never designed to undertake the internal actions which develop due to the additional loads transferred through the diagonal strut.
Observing the dynamic case studies (case studies 7 to 9) the two storey infilled frame can be essentially described by a one-degree-of-freedom (1-DOF) system instead of the twodegree-of-freedom (2-DOF) system describing the response of the bare frame as the introduction of the infill plane essentially cancels the degree of freedom associated with the displacement of the floor level of the frame to which infilled walls was introduced. Based on the numerical predictions more damages being sustained to the structural elements of the storey of the frame which had no infill wall.
The present work needs to be extended to other frame structures with different infill length-to-height aspect ratio and more bays and storeys than the frame currently investigated in order to fully appreciate the full effect of the infill walls on the overall response of RC frames. Fig. (26) . Predicted deformed shapes and the crack patterns of the in-filled frame at t = 3sec of the loading process.
